Background: It has been reported that interferon-g (IFN-g)-induced inflammatory markers, such as circulating neopterin and kynurenine-to-tryptophan ratio (KTR), are increased in patients with cancer and are also a predictor of poor prognosis. However, whether baseline levels of these makers are associated with subsequent cancer risk in the general population remains unknown. Methods: We conducted a prospective analysis of the Hordaland Health Study in 6594 adults without known cancer at baseline who were enrolled between April 1998 and June 1999. Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated using multivariate Cox proportional hazards regression models adjusted for sex, age, body mass index, smoking status, and renal function. Results: A total of 971 incident cancer cases (507 men and 464 women) were identified over a median follow-up time of 12 years. Baseline plasma neopterin, KTR and C-reactive protein (CRP) were significantly associated with an increased risk of overall cancer in models adjusted for covariates (P for trend across quartiles 5 .006 for neopterin, .022 for KTR, and .005 for CRP). The multivariateadjusted HR (95% CI) per SD increment in similar models were 1.09 (1.03-1.16) for neopterin, 1.07 (1.01-1.14) for KTR, and 1.04 (0.98-1.10) for CRP. The associations between the inflammatory markers and risk of major specific cancer types were also provided. Conclusions: Our findings indicate that plasma neopterin, KTR, and CRP are associated with a significantly increased risk of overall cancer. Our study revealed novel evidence regarding the role of IFN-g-induced inflammation in human carcinogenesis.
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The extent of neopterin elevation depends on tumor type and stage, 9 and neopterin has been proposed as a potential biomarker of cancer diagnosis and prognosis. 8, 10 Whether prediagnostic neopterin is associated with future cancer risk is, however, unknown.
IFN-g can also up-regulate enzymatic activity of indoleamine 2,3-dioxygenase (IDO), which catalyzes the conversion of tryptophan to kynurenine followed by further metabolism via the kynurenine pathway. 11, 12 As a result, the plasma kynurenine-to-tryptophan ratio (KTR) increases during inflammation. Several studies have demonstrated IDO activation, increased tryptophan degradation, and subsequently elevated level of KTR in established cancer, and these indices also predict poor prognosis in patients with cancer such as lung cancer, 13, 14 gynecological cancer, 15 and malignant melanoma. 16 It has been postulated that IDO plays a critical role in cancer immunosurveillance. 17 Results from in vitro experiments indicate that IDO overexpression by colorectal tumor cells is significantly correlated with the quantity of tumor-infiltrating T cells. 18 Based on the role of IDO in immunosuppression and immune escape, selective IDO inhibitors (eg, 1-methyltryptophan) have been developed and tested as an adjuvant chemotherapeutic agent in vitro in animal studies and phase 1 trials. [19] [20] [21] [22] Previous publications from human studies on the relation between neopterin, KTR, and cancer have focused on patients with existing disease. However, whether levels of these inflammatory makers, particularly neopterin and KTR, are associated with subsequent cancer risk among apparently healthy individuals remains unknown. The purpose of this cohort study, therefore, was to examine the associations of the systemic inflammatory markers including neopterin, KTR, and CRP with overall cancer risk among community-dwelling men and women.
MATERIALS AND METHODS

Study Design and Cohort
The Hordaland Health Study is a community-based study that was conducted jointly by the University of Bergen, the National Institute of Public Health, and the Municipal Health Service in Hordaland. The study participants consisted of men and women born during the periods 1925-1927 and 1950-1951 in Hordaland County in western Norway. The individuals in these two specific age groups originated from an earlier study called the Hordaland Homocysteine Study conducted in 1992-1993, 23 which was established to examine the determinants of homocysteine and homocysteine as a risk factor for disease. To be able to examine age effects on homocysteine as well as homocysteine as a risk factor for age-related conditions, such as cardiovascular disease and cancer, the middle-aged cohort was expanded to also include the older cohort, which has a much higher prevalence of disease. Details of the study design have been published elsewhere. 24 The initial study cohort included 7051 participants who were enrolled between April 1998 and June 1999. Data were collected via self-administered questionnaires, anthropometric assessment, and blood analyses. The study protocol was approved by the Regional Committee for Medical Research Ethics and the Norwegian Data Inspectorate. All participants provided written informed consent.
Of the 7051 participants, we excluded 426 participants who were diagnosed with cancer (other than nonmelanoma skin cancer) before enrollment. Participants with missing data on blood measurements (neopterin, kynurenine, tryptophan, and CRP) (n 5 31) were also excluded. A total of 6594 participants (2958 men and 3636 women) were therefore included in the final analysis.
Biochemical Analyses
Nonfasting blood samples were collected at baseline. Aliquots of serum and plasma were frozen at 280 C until analyses. Plasma neopterin, kynurenine, tryptophan, and serum creatinine were measured by liquid chromatographytandem mass spectrometry. 25, 26 Plasma high-sensitive CRP was determined by a novel immuno-MALDI-MS method (unpublished data). All biochemical analyses were performed at Bevital A/S (www.bevital.no). Within-day coefficients of variation for neopterin, kynurenine, and tryptophan were 2.5%-4.7%, and between-day coefficients of variation were 5.7%-10.0%. 25 
Outcome Assessment
Cancer cases were ascertained through linkage with the Cancer Registry of Norway. Cancer incidence diagnoses were coded according to the 3rd edition of the International Classification of Diseases for Oncology (ICD-O-3) 27 and the 10th revision of the International Statistical Classification of Diseases, Injuries and Causes of Death (ICD-10) (http://apps.who.int/classifications/icd10/browse/ 2010/en). Only the first primary neoplasm was included in the analysis. Mortality data were collected from the Cause of Death Registry at Statistics Norway and coded according to ICD-10.
Additional Data
Self-administered questionnaires provided information on sociodemographic data, health status, and lifestyle factors. Information on smoking (never, former, or current smokers) was coded as categorical variables. Height and weight were measured following standard protocols. Body mass index (BMI) was calculated as kg/m 2 and categorized as normal (BMI <25 kg/m ) according to the World Health Organization's recommendation. Renal function was assessed using an estimated glomerular filtration rate (eGFR) based on serum creatinine levels. 28 
Statistical Analysis
Continuous variables are presented as medians (interquartile ranges) due to skewed distributions; categorical variables are given as counts (percentages). Wilcoxon-Mann-Whitney tests were used to compare differences between groups for continuous variables. For each participant, person-years of follow-up were calculated from the date of entry until the date of cancer diagnosis, death, emigration, or the end of follow-up (December 31, 2010), whichever came first.
The association of plasma neopterin, KTR, and CRP with risk of overall cancer was evaluated using Cox proportional hazards regression models with person-years as the underlying time metric. Proportionality was verified using analysis of residuals. Hazard ratios (HR) and 95% confidence intervals (CI) are reported. Models were fitted with neopterin, KTR, and CRP as continuous variables (per SD increment) and as sex-specific quartiles based on the distribution of the study population. Linear trends were tested across increasing quartiles by modeling quartile categories as a continuous variable in the regression models. Multivariable models included the following covariates: age (46-49 years vs 70-74 years), sex, BMI (normal, overweight, and obese), smoking status (never, former, or current smokers) and renal function (normal, eGFR > 60 mL/min/1.73 m 2 or impaired, 1 < eGFR 60 mL/min/1.73 m 2 ). Risk estimates did not change materially by additional adjustment for physical activity, which therefore was not included in final models. Kaplan-Meier plots were made for cumulative cancer incidence according to neopterin, KTR, and CRP quartiles, and the corresponding P values of the log-rank test for possible trends across quartiles are presented.
Multivariable adjusted dose-response relations between inflammatory marker levels and cancer risk were also visualized by generalized additive regression plots. 29 In these plots, biomarker values were fitted with smoothing spline in Cox proportional hazard models including the same covariates as described above.
Interaction analysis was performed between the three markers and sex/age/BMI/smoking status/renal function for cancer risk by including product terms in the regression models. In addition, we also conducted a lag analysis by excluding the first 1 year of follow-up to test for the possibility of reverse causality.
All statistical tests were 2-sided and were considered statistically significant at P < 0.05. All statistical analyses were conducted using the SAS (version 9.2, SAS Institute Inc, Cary, NC) and figures generated using R (version 2.15 for Windows).
RESULTS
Population Characteristics
Baseline characteristics of the participants are presented in Table 1 . Plasma neopterin concentration was significantly higher in women, in the older age group, in participants with higher BMI, and in those with impaired renal function (P<.01). Plasma concentrations of KTR and CRP were significantly higher in participants in the older age group, in participants with high BMI, and in participants with impaired renal function (P<.01), whereas no significant sex differences were observed with regard to KTR or CRP levels. Plasma neopterin and KTR were lower, and CRP levels higher in current smokers as compared with former and never smokers (P<.01). Additional details regarding the distribution of neopterin and KTR are described elsewhere. 30 The three markers were intercorrelated (Spearman correlation coefficients were 0.56, 0.27, and 0.24 [P<.001] for the pairs neopterin/KTR, CRP/ KTR, and CRP/neopterin, respectively).
Classical Risk Factors And Future Cancer Risk
A total of 971 incident cancer cases (507 men and 464 women) among the 6594 participants were identified over a median follow-up time of 12 years.
Age as a categorical variable was positively associated with overall cancer risk (adjusted HR, 4.18; 95% CI, 3.60-4.86). Women had a lower risk than men (adjusted HR, 0.71; 95% CI, 0.62-0.82). Compared with never smokers, the adjusted HR (95% CI) were 1.35 (1.16-1.58) for former smokers and 1.62 (1.36-1.93) for current smokers. BMI and renal function, assessed by eGFR, were not significantly associated with cancer risk (data not shown).
Inflammatory Markers at Baseline and Future Cancer Risk Figure 1 shows the cumulative incidence of overall cancer according to quartiles of neopterin, KTR, and CRP levels, respectively. The unadjusted cancer risk increased significantly in higher quartiles for each of the inflammatory markers (P<.001). For instance, the cumulative hazard of overall cancer increased much more rapidly over followup time in the fourth quartile of neopterin compared with the first quartile (left panel).
The results from multivariate Cox models are shown in Table 2 . Baseline neopterin, KTR, and CRP were associated with an increased risk of overall cancer both in unadjusted analyses and analyses adjusted for age, sex, BMI, smoking status, and renal function (P for trend across quartiles 5 .006 for neopterin, .022 for KTR and .005 for CRP). The multivariate-adjusted HR (95% CI) per SD increment in similar models were 1.09 (1.03-1.16) for neopterin, 1.07 (1.01-1.14) for KTR, and 1.04 (0.98-1.10) for CRP. As shown in Figure 2 , positive doseresponse relations were observed between neopterin, KTR and CRP and cancer risk.
Original Article
There were no interactions between the three markers and age, BMI, smoking status, or renal function in association with cancer risk. However, significant interactions were found between the markers and sex (P interaction 5 0.011, 0.002, and 0.063 for neopterin, KTR, and CRP, respectively). Stratified analysis by sex showed consistently stronger associations in men than in women (data not shown).
Results from lag analyses for the associations of neopterin (HR, 1.09; 95% CI, 1.02-1.16), KTR (HR, 1.07; 95% CI, 1.01-1.14), and CRP (HR, 1.04; 95% CI, 0.98-1.11) with overall cancer risk excluding the first 1 year of Figure 1 . Kaplan-Meier survival curves for cumulative incidence of overall cancer according to sex-specific quartiles of neopterin, kynurenine-to-tryptophan ratio (KTR), and C-reactive protein (CRP) levels. follow-up were not materially different from those including the whole follow-up period.
We conducted secondary analyses on major specific cancer types ( 
DISCUSSION
Principal Findings
In this prospective cohort study, we observed a positive association of IFN-g-induced inflammatory markers (neopterin and KTR) and CRP with risk of overall cancer among 6594 adults followed for a median of 12 years. These associations were largely unaffected by adjustment for sociodemographic and lifestyle factors, including smoking.
Inflammatory Markers and Incident Cancer Risk
Prospective studies on the association between IFN-ginduced inflammatory markers and incident cancer risk have not been reported previously, except for a recent study focusing on KTR and lung cancer risk. 31 Reported associations between CRP and cancer risk in prospective cohort studies are inconsistent. [32] [33] [34] Although having substantial heterogeneity, a recent meta-analysis 3 including 11 prospective cohort studies reported that the pooled HR (95% CI) per natural log unit change in CRP was 1. 11 (1.03-1.18) for overall cancer, 1.31 (1.10-1.52 ) for lung cancer, 1.04 (0.91-1.17) for breast cancer, 1.06 (0.97-1.16) for prostate cancer, and 1.06 (0.93-1.18) for colorectal cancer. Our results support positive associations of circulating CRP levels with risk of overall cancer and lung cancer. More importantly, our study goes beyond this commonly used nonspecific inflammatory parameter by addressing systemic inflammatory markers reflecting IFN-g-mediated immune activation with regard to cancer risk. We report that elevated baseline levels of neopterin and KTR were both significantly associated with an increased risk of overall cancer and colorectal cancer.
Possible Mechanisms
Chronic inflammation due to infections, autoimmune disease, environmental irritants, or obesity plays a crucial role in each step of tumorigenesis 4 through induction of oncogenic mutations, genomic instability, early tumor promotion, and enhanced angiogenesis. 2 As a classic acute-phase protein, CRP levels are moderately elevated in response to chronic inflammation. 4 Precise mechanisms binding the association of CRP with cancer risk remain uncertain. The association between CRP and cancer incidence may reflect the production of various cytokines and chemokines by occult tumor cells that attract leukocytes. Some cancerous cells express CRP and secrete interleukin-6 and interleukin-8, which stimulate CRP production in the liver. 32 From the available data, it is not possible to elucidate whether elevated CRP is a marker of occult cancer or is causative in carcinogenesis. 3, 32 Neopterin is produced by oxidation of 7,8-dihydroneopterin, and the amounts of neopterin produced by activated macrophages not only reflect IFN-g activity but also correlate with their capacity to form and release reactive oxygen species. Neopterin can enhance the toxic effects induced by reactive oxygen species during cellmediated immune response. 9, 35 In addition, epidemiological studies show that elevation of neopterin production correlates with increasing age in healthy individuals. 9 Furthermore, plasma neopterin and KTR have been positively associated with risk of coronary events in an apparently healthy population 36 and mortality in patients with stable coronary artery disease. 37 Taken together, these findings suggest that the pathological process associated with immune activation may precede the appearance of clinical disease.
Malignant tumors emerge partly because early cancer cells escape from immunosurveillance. 19 IDO and tryptophan-2,3-dioxygenase (TDO) catabolize the essential amino acid tryptophan, which promotes selective apoptosis of T lymphocytes 38 and suppress antitumor immune responses. 39 This has been attributed to tryptophan depletion and/or formation of immunomodulating kynurenines. 39 TDO is activated in tumor cells and has a similar effect of nonspecific immunosuppression. 40 Plasma KTR reflects the activities of IDO and TDO, both of which may indirectly reflect the antitumor capability of the body. 39 
Methodological Considerations
The risk estimates in the current study were not affected by excluding the first year of follow-up, which suggests that reverse causality (changes in levels of inflammatory markers due to an undetected cancer) was unlikely. Doseresponse relationships between all 3 markers and cancer risk further indicated the robustness of the results. However, when specifying cancer types as outcomes, we found similar results in some but not all cancer types, which may be due to reduced sample size and number of cancer cases.
Smoking was a risk factor of cancer as consistently demonstrated by others 41 , but stratified analysis by smoking status indicated that smoking status was not a significant effect modifier, demonstrating that the associations between inflammatory markers and cancer risk did not depend on the smoking status of the participants. The effects of cigarette smoking on host immunity are complex, and its net effect on immunity depends on many variables, including dose and type of tobacco, mode of exposure, and the presence of other inflammatory mediators. [42] [43] [44] Smoking has both proinflammatory and suppressive effects and may impair host immune responses and thereby promote cancer. 45 
Strengths and Limitations
This is the first prospective community-based study evaluating IFN-g-induced inflammatory markers, neopterin, and KTR, and the risk of overall cancer. The main strengths of the current study are the large sample size, complete and long-term follow-up, and different markers reflecting inflammatory status.
When examining the associations, we adjusted for important confounding factors, including age, sex, BMI, smoking status, and renal function. Such adjustment was undertaken because these factors affect cancer risk, and also because a previous study in the same population showed associations between systemic inflammatory markers and these potential confounders. 30 This study also has several limitations. The study population was drawn from a small geographic region, representing two narrow age ranges, which may potentially limit generalizability. Furthermore, within-subject reproducibility of the systemic inflammatory markers together with other lifestyle factors over the follow-up period was not considered. This is important because single time point assessment of biomarker status may lead to regression dilution bias, which may attenuate "true" associations. 46 However, we have assessed within-subject reproducibility over 3.5 years for neopterin and KTR in another population. The observed intraclass correlation coefficients were 0.67 and 0.74, respectively, indicating fair to good reproducibility. 47 In conclusion, elevated plasma neopterin, KTR, and CRP are associated with a significantly higher risk of developing cancer. The current study reveals novel evidence regarding the role of IFN-g-induced inflammation in human carcinogenesis. These inflammatory markers may assist as early predictors of cancer risk in the general population. 
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